Fermiophobic gauge bosons as

an effective theory at the LHC
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A common extension to the Standard Model is the addition of new

U(1) gauge groups. These occur naturally in grand unified models
and string models involving “intersecting branes”.

SO(10) — (SU(3). x SU(2), xU(1)y) xU(1)x

Efj. — SO(lD) X U(l)}{

SM
We will explore the phenomenology of
an extra U(1) which couples to the SM u(1),
through 3-boson couplings

SM
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Why 3-boson couplings?

Let us imagine an extra U(1) where...

@ The X boson acquires mass at a scale within
reach of current colliders

© SM fermions are neutral under U(1),... hence,

“fermiophobic”

@ There exist heavy fermions charged under

both U(1), and the SM gauge groups

These new fermions are hidden at
low energies, but can couple the X-
boson to the SM through loops.

By integrating out the fermions, we
are left with an effective operator

with coupling set by the high energy

theory
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Why 3-boson couplings?

Kinetic mixing not allowed between U(1) and SU(N)

U(l) @M SU(N) Amplitude o tr[gxt?] =0
generator qx generator t*

U(l) Amplitude o tr[qxt“tb] x qx 0
AN SU(N)
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The Effective Operator Approach

Xgg Coupling

We can use SU(3)_gauge invariance to write all possible parity-odd operators in
terms of gluon field strength...

1

1 _ a3 Vi

Ok 4y = 15" X, D" G2, GY,
1

2 _ a3 o a

OXQQ' AQ F#P 0 X G .BF'
1

Okgg = 12" 0uX" GG,

The lowest dimension operators we can write are of dimension 6.
Higher dimensional operators can be written, but are suppressed by 1//*
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The Effective Operator Approach

Xgg Coupling

We can use SU(3)_gauge invariance to write all possible Dim6 operators in terms of
gluon field strength...

1
3 . afBup: L ia a
OXQQ o AQE 0#-X GﬂﬁGL—'p

For X on-shell, momentum orthogonal to polarizations...
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The Effective Operator Approach

Xgg Coupling

We can use SU(3)_gauge invariance to write all possible Dim6 operators in terms of
gluon field strength...

1

0}(99 ~ A2 F#mﬁdvx Gaw .BF'

In X rest frame, after some index juggling and
utilizing antisymmetry of epsilon,

David Yaylali — UHawaii Dept of Physics SUSY 20171 — Fermilab




The Effective Operator Approach

Xgg Coupling

We can use SU(3)_gauge invariance to write all possible Dim6 operators in terms of
gluon field strength...

1
. o 3 U
Ok gy = 13" X, D" G2, GS,

This is the only possible parity odd Xgg coupling of dimension < 6
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The Effective Operator Approach

Xgg Coupling

We can use SU(3)_gauge invariance to write all possible Dim6 operators in terms of
gluon field strength...

1
. o 3 U
Ok gy = 13" X, D" G2, GS,

Vertex operator:

k1 kK] — €uorkapk k]|

€ppor

1
DX99 (L ke ky) = = Cpvpo (—KTRS + K3ET) +

pvp
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The Effective Operator Approach

Xgg Coupling

We can use SU(3)_gauge invariance to write all possible Dim6 operators in terms of
gluon field strength...

1
. o 3 U
Ok gy = 13" X, D" G2, GS,

Vertex operator:

1 o) (0) ") T el
ny{!pﬁ;(k}( k. Ag) _ v [Ewpg(—}(l/@ "‘}41) ﬁpmklyk k1 #M,,—Lgpk kT ]

<

Vanishes for gluons on-shell: \ |

P _
Erfkly =0 E2k2p =0

This is in accordance with the Landau-Yang theorem
(A massive spin 1 particle cannot decay to 2 massless spin-1 particles)
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Electroweak Effective Operator

XVV Electroweak Coupling

Many possible terms...

XZZ

O%zz = "X, 7,7,
1
O% sy = AQE“PQﬁX & ZowZg,

1

O3 ,, = PE”’G‘“’G(‘?”X ZowZ3,
1

Oglczz = Eeaﬁma X*ZogZpo,
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XZy

1 _ -
Oz, = ¢ X,Z,F,,

1

@XZ'T A2 e X (ZQHFSP + FQUZBP)

1

@XZ'T 12 F#p&dﬁy (ZG:HFS,G - Fayzﬁp)
1

e = @sﬁﬂﬂdx & ZawFsp

1
O%zy = 5 X,0" Fou Zg,

’12

1
@XZ_I = e P X1 0, ZasF
1 advp H

|
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Electroweak Effective Operator

XVV Electroweak Coupling

Alternatively, we can construct interactions with the unbroken
SU(2) and U(1) fields. This is much simpler, because the
operators must be gauge invariant in this formalism.

C
O' = e B X Tr[0Y Cp,Cs),)

AQ (Other possible terms vanish when requiring X
C on shell or when taking the trace)
2 2
O? = Az HpnﬁX;ﬂame;Bﬁp

From these two operators, it is straightforward to derive
the vertex functions after EWSB.
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Electroweak Effective Operator

XVV Electroweak Coupling

sz

1
D027 (kx, by, ko) = AE(Cl cos® Oy + Cysin® Oy )T, (kx, k1, k)

. 1 )
Ffjﬂ’f(kx,khkg) AQ(CI Cy) sin Oy cos Ow I, (kx, k1, k2)
s C
Ffup; v (kX:kl:kE) A;F;va(k}f)kl ‘I{'E)
1

FXFFT(#X ’ I'I;jl: k?)

pup (Cl ‘:111 HH; —|—Cg COS HW)FWP(;%XJ{:I,R:Q)

A2
...where,

F;Lyp(k}fa klr k?) — (kaEpuUTkag - kluﬁppnfk[fkg + Ep.upakfki ' k? - Ep.upakgkl : kl)
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Electroweak Effective Operator

. V
XVV Electroweak Coupling k1
X
kX
V
kZ
XLz ﬂf{é’ 2 2 a a
F,uvp (kx,kljkg) = A2 (Cl cos” Oy + (5 sin H{V)E#VPJ(}{II — ;fg)
X2- M2 | )
Fp.yp (k}{,kl}kg) = A2 (Cg — 01)8111914; CDSHH;E#VPUEQ
FXH)”W L ki ke _ ﬂ{{,ﬁ}; ke ko
L p (’Xa 1+ 2) — CIFE#UFJJ( 1 Jg)
FfVTpT(anklrkZ) =0
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(For all bosons on-shell)
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X Partial Widths and Branching Fractions

. 3 Ao N 5/2
: . TeV Mx AME, )
['(X = WW) = (42 MeV) (—) ( ) (1 - — ) C
| \ TeV M? '

TeV\* / My \° AM2N\ P .
I(X — ZZ) = (16 \19\)( ) ( Xf) (1— ,3) (Cy + Cy tan® by )?

A ) \TeV M2
TeV\"* / My \* M2Z\® M2 )
I'(X vz 4.9 MeV) | — 1 — 1+ —= g — C
= oo () ()" (1 22)' (12 22) -
Widths much smaller Narrow width
than mass. > approximation holds.
e > X mostly produced on-shell
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X Partial Widths and Branching Fractions

['(X = WW) = (42 MeV) (%) 4 (;if)a (1 J‘SE) b Ct
(X = ZZ) = (16 MeV) (?)4 ( Tify (1 - 4&5)2 (C1 + Cytan® #yy)?
[(X = ~Z) = (4.9 MeV) (#T (Ti;’f)% (1 - EY (1 %) (Cy — C1)?
M, = 250 GeV M, = 1000 GeV

=2
=] i
TITTrT

BR(X —» VV)
2
(=]

o 0 o o o o o
= R W B th o~
LB LA

=
T rEreFrrrryrrer ety rrer et
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Collider Phenomenology

These 3-boson couplings lead to a variety of production and decay channels. We will
study two channels in particular which maximize our sensitivity at the LHC.

m=) Since LHC is a pp collider, production will be maximal though
gluon and quark fusion processes.
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Collider Phenomenology

These 3-boson couplings lead to a variety of production and decay channels. We will
study two channels in particular which maximize our sensitivity at the LHC.

m=) Since LHC is a pp collider, production will be maximal though
gluon and quark fusion processes.

E==) To avoid overwhelming backgrounds, we look at decays through
electroweak couplings.
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Collider Phenomenology

These 3-boson couplings lead to a variety of production and decay channels. We will
study two channels in particular which maximize our sensitivity at the LHC.

m=) Since LHC is a pp collider, production will be maximal though
gluon and quark fusion processes.

E==) To avoid overwhelming backgrounds, we look at decays through
electroweak couplings.

=) To avoid overwhelming backgrounds, we look for leptons in the
final state
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Quark/Gluon Fusion Production

(External particles are assumed on-shell)

g
X
g
g X
g g
q X
q 9
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Quark/Gluon Fusion Production

(External particles are assumed on-shell)

g
- ...as shown earlier (Landau-Yang theorem)
g
g X
g9 g
q X
q 9
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Quark/Gluon Fusion Production

(External particles are assumed on-shell)

9
- ...as shown earlier (Landau-Yang theorem)
9
g X
...also vanishes (after including the 4-point vertex).
(Perhaps due to a Yang theorem type of argument for a pseudovector?)
g 9
q X
q g

David Yaylali — UHawaii Dept of Physics SUSY 20171 — Fermilab




Quark/Gluon Fusion Production

(External particles are assumed on-shell)

9
- ...as shown earlier (Landau-Yang theorem)
9
g X
...also vanishes (after including the 4-point vertex).
(Perhaps due to a Yang theorem type of argument for a pseudovector?)
g 9
q X
NONZERO
X is always produced with an associated jet.
q g

qg —»agX and qq— gX
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Decay Channels

Remember that because the X-width is small compared to its mass,
we treat the X to be on-shell. We also treat the decay products to be
on-shell in order to reconstruct the invariant mass.

1
—> 0L, = —eX,DGe,

A2
X — g9 —
X =y )
X - Z7
X — Zy : Cy s ,
0! = €77 X W Ir[07ClnCis,)
X —-Wrw- L, e
O'}E 2,,_52 Iupaffk ame/ij
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Decay Channels

Remember that because the X-width is small compared to its mass,
we treat the X to be on-shell. We also treat the decay products to be
on-shell in order to reconstruct the invariant mass.

Note that we could have one of the
daughter particles off-shell, leading to

For X and decay v “three body decays” of the form
products on-shell.... -0l . -
(Yang-Landau Theorem) B SEENENEY X — 99" — 9qq
X 27 These processes, however, are highly
suppressed by phase space factors in
X — Zy the decay rate formula
...and in order to s — 4 L/ & 1 .
reconstruct M, = (1} T Ef) [M(ma = {p)]* @0 5 s — T pp)
nv

Also, the two signals we will study are
generally much cleaner.
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Decay Channels

Remember that because the X-width is small compared to its mass,
we treat the X to be on-shell. We also treat the decay products to be
on-shell in order to reconstruct the invariant mass.

For X and decay v
products on-shell....

(Yang-Landau Theorem) HS(_;_%_
X = Z7Z 5 |77l efficiency = BR{X — ZZ} x 0.0045
X = Zy — l—l'l_f}/ efficiency = BR{X — Z~} x 0.067

...and in order to s — 4
My = 250 GeV

reconstruct M, £

0.3

LA ALk L) L] LA R W R M

PP B ISP Sl IEPREPII BRI PR
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Search at the LHC

Q: So will we be able to see this signal at the LHC?

(obvious) A: That depends on M, and scale A.

LHC in operation (artists rendering)
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Search at the LHC

Q: So will we be able to see this signal at the LHC?

(obvious) A: That depends on M, and scale A.

Analysis scheme

© Simulate events for a given A and various values of M,
© Simulate background
© Apply cuts and determine cross sections of signal and BG

© Scale cross section (by scaling A) such that we have
detection at LHC (for a certain luminosity)

b Scale lambda such that for a certain luminosity, there are
n events such that...

n
= > 5
\/nBG

If there are zero background events, require n=5.

a
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LHC in operation (artists rendering)

Scaled A is our “reach”

|
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Simulation

Simulation chain

FeynRules — ALOHA/UFO — MadGraph5 — MadEvent — Pythia - PGS4

Recently released (2010/2011). Simplifies

model building... Automatically translates
Lagrangian into Python MG5 code.

— Loading particle classes.

— Loading gauge group classes.

— Loading parameter classes.

Model Hidden Gauge Group loaded.

LY :=
ClEps[u, p, a, Bl *X[u] *
sun[del[(del[Wi[v, k], a] -del[Wila, k], v]), v] =
(del[Wi[p, k], B] -del[Wi[B, k], p]}, {k, 1, 3}] +

c2

?EPS[H, pra, Blex[u] « del[(del[B[v], a] -del[B[a], ¥]), v] =
(del[B[p], B] -del[B[£], p]) +

€3 ¥ [mu] Eps[mu, mu, rho, sig]
(del[FS[G, nu, al, a], al] +gs*f[a, b, ¢].G[al, b].FS[G, nu, al, c]).
Fs[G, sig, rho, a]

WriteUFO[LX + LSM]

——— Universal FeynRules Qutput (UFQ) v 0.1 ———
Starting Feynman rule calculation.

Collecting the different structures that enter the veriex...
Found 97 possible non zero vertices.

Start calculating vertices. ..

97 vertices obtained.
— Saved vertices in InterfaceRun[ 1 ].
Preparing Python output.
— Splitting vertices into building blocks.
— Optimizing: PRIVATE PY$5plitVertexCounter/167 .
— Writing files.

Done!

__ __ __ _. __ ._ __ [... __ __ __ _. ._
L i
L
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1jet p.250GeVand|n|=<2.5

1jet p,250GeVand|n|=<2.5

Leptons and photon reconstruct to X

All 4 leptons reconstruct to X
(within 10% of M, )

These cuts drastically reduce standard model
background. For almost all mass windows,
and for luminosities up to 100fb™", we expect
ZERO events!

PLACE BACKGROUND PLOT
HERE

(within 10% of M. )

Meentral opg(th) opg(fb)
pp = 1T |pp = gyl

250 0.2608 6.423
500 0.0500 0.7632
720 0.0104 0.1713
1000 0.0021 0.0339
1250 0.0004 0.0136
1500 0.0001 0.0051
1750 <0.0001 <0.0010
2000 <0.0001 <0.0010
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Signal and Background

Invariant mass distribution

— 10
= =
. > F A = 500GeV
for signal... ¢ I X—2zZ
. . ot 'F
pp—-X]—>ZZ] il .
10
5 - g ‘
e A=2TeV
10°E
. s =
10°F
= RTINS TR RS T RS RATRN I ST N
240 242 244 246 24B 250 252 254
M,., (GeV)
> |
...and background 2wy X—=ZY
t | -
ol [ A = 500GeV
. == [
PP — L7 I mm;
x = 1TeV
: 3 |
ST a=2Tev
1 3 10.1 ?,"J"- a-h_‘_‘

[ R S S B B
230 235 240 245 250 255 260 265

(One of MANY diagrams) M_ (GeV)
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LHC Reach

© 7y channel more sensitive (mainly due to
the factor of BR? for the ZZ channel)

© ~3 fb' as of now (August '11). Can currently
probe into TeV scale for M, < 1TeV.

© For 14TeV, A-reach improves significantly

- For M,=1000GeV, 100fb™ @ 14TeV gives roughly twice
the reach in both channels

© Effective operator approach may break down
when M, >A,
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Tl
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o
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10" ] | | 1

500 1000 1500 2000
M, (GeV)

ABR(X —Z2)"™ (Tev)

=
=]

. .“""h.__h. L= 1fb1

L = 100fb"

500

]
1000

1500

2000
M, (GeV)



LHC Reach

%-10 F
=
T L
IE-T n
T L
x L = 100fb™
7
Q4
< F _
- . “e.  L=1fb"
10000 1 - - N
1000 B A SR e D G 10”‘_'3_?? i ."""----..______|._=,'_'-',1",-,,_—.t;;1
E 100 ;_ \__\ 107 L I L L L 1 L ;
= 1 S00 1000 1500 2000
— 1 250 GaV o
< _
e
-..&..- __F____F___-'“————h._____k 500 GeV %‘ i
b 1 3 . 1 = R
] __-._____.___——I——___._ z
: x [ L = 100fb™
e R R R R I BRI I R % i - T
500 600 700 800 800 1000 ::- B - e
My (GeV) i - T L=1fb"
Cross section for VBF production for different values "
T . = = -1
of A,. Dashed line indicates needed cross section s L= 3%b
for detection with 100fb™* @ 14TeV. - e
] ] 1 1
. ) S00 1000 1500 2000
Kumar, Rajaraman, Wells — arXiv:0707.3488 M, (GeV)
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Signal Topology

Resonances decaying to ZZ or WW are signatures of heavy Higgs. Considering the very
small branching ratio to leptons for heavy Higgs, we may have trouble distinguishing the
signals.

How to we distinguish a pseudovector boson from other new
physics?

X requires the presence of an additional (hard) jet
X will not decay to two massless vectors

Absence of any leptonic channels

Angle dependence of the associated jet/products??

A detailed study on distinguishing between pseudo-vector/vector/pseudo-scalar/scalar
would be interesting. Can signal topology be used to separate these types?
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Conclusions

Higher order couplings can connect us to sectors otherwise out of reach
of collider experiments.

Hidden sectors that couple indirectly to both SU(3) and the electroweak
sector lead to very clear signals at hadron colliders.

The particular model of 3-boson axial couplings between an extra U(1)
and the SM probe well into the TeV scale of new physics, even when the
U(1) is hidden at tree level.

Surprises are around the corner. Effective field theories can be useful in
identifying phenomenological structure of the underlying theory of the
new physics.

Thanks & Aloha

|
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